The main components of drought tolerance of six maize genotypes were studied to evaluate crop performance in water limiting environments: (1) the postponement of dehydration by reduced transpiration rate (TR) and an increased efficiency of water acquisition from soil; (2) the tolerance of dehydration by effective physiological water use. The aim was to describe the genotype dependent response to drought in leaf and root traits and water relations using data from controlled environment and field experiments, and using dynamic simulation by the Swedish Coup model. High genetic variation was detected in the root density, acquisition efficiency and water use among the genotypes. The female parent lines had the greatest TR with the smallest dry matter accumulation in water deficiency, whereas hybrids could acquire more water from dryer soil while maintaining a lower TR. Hybrid Mv 444 increased water potential more strongly in leaves than hybrid Norma. The postponement of dehydration was observed for Norma, while more tolerance to dehydration characterized Mv 444. Simulation was an effective tool for testing hypotheses considering water acquisition efficiency and for summarizing the results of the measurements in a formalized structure; it helped to quantify the dynamics of water availability and the impact of drought on the growth of the maize genotypes.
Introduction
Drought stress in crops evolves from an insufficient supply of water in the soil and increased evaporative demand of the aerial environment. Increased temperature and/or decreased humidity can have a large impact on evaporative demand, prompting concerns about the impact of climate change on crop productivity. Therefore the management of water resources will become of greater importance to plant production in the future including the selection of crops with greater drought tolerance. Understanding genetics by environment interactions is a substantial challenge in identifying traits that define the underlying mechanisms of the drought tolerance of crops.
Some crops cope well under conditions where soil generally imparts water stress (Yanagawa & Fujimaki 2013) . Huzsvai & Rajkai (2009) demonstrated the adaptability of maize plants to water deficit. It is evident, that how the dimensions of water deficiency interact with genotype properties determines if the effects of drought are irreversible to growth and therefore crop yield.
Water flow in the soil-plant-atmosphere continuum is extremely complex, varying both spatially and temporally, influenced by the historic background of the soil (Lichner et al. 2012; Márton 2008) . Crop simulation models that capture the physiological processes of growth and predict yield are suitable for study of genotype by environment interactions and are more accurate and more widely applicable provided that appropriate parameter values are defined.
The aim of this study was to describe the genotype dependent response to drought in leaf and root traits and water relations using data from controlled environment and field experiments, and using dynamic simulation by the CoupModel (Jansson & Karlberg 2003) . There are several strands to the research: (1) Postponement of dehydration by reduced loss of transpired water and increased efficiency of water acquisition from soil. (2) Dehydration tolerance: more effective physiological water use by lowering water potential in the tissues and by osmotic adjustment.
The dynamic simulation was applied in order to designate the major ecophysiological and morphological components and their combinations and analyze their role in the genotype dependent responses to water deficiency in relation to changes in the soil and aerial environment.
Methods
Six maize genotypes with known water use efficiency (Végh & Szundy 2004) In controlled environment transpiration rate (TR), leaf water potential and relative water deficit (RWD) in leaves were evaluated in the genotypes subjected to an increasing water deficit. Pot size (16 cm high, 6.5 cm diameter) and rooting medium (500 cm 3 sand) was chosen for the rapid development of water stress and to allow the accurate measurability of the available water storage (AWS). The pots, arranged in a randomized block design, with three replications, were weighed daily to determine soil AWS, plant water uptake and TR, then irrigated with a complete nutrient solution. The drying treatment was imposed from the 16th (V2 stage) to the 52 nd day after sowing (DAS). Water potential and osmotic potential values were determined using Wescor psychrometer (Wescor Inc. Logan, Utah, USA) on leaf discs and, at harvest, on secondary root samples. The RWD (g cm −2 ) was calculated as the mass difference to saturated leaf per unit leaf area.
A three-year field experiment was conducted for field measurements and to create the dataset for the simulation of water dynamics in soil-plant-atmosphere system. The same six genotypes were grown in a nutrient rich loam soil in a randomised block design with four replications in Martonvásár, Hungary. Particle-size distribution, soil bulk density, saturated conductivity and water retention curve used to evaluate soil hydraulic properties were measured. Meteorological variables (global radiation, air temperature, relative air humidity, precipitation) were measured on a daily basis in the experiment. On 5-7 occasions in the growing seasons plant samples were collected and the vertical distribution of soil water content was detected by a BR 150 capacitance moisture probe (RISSAC, Budapest, Hungary) in 10 cm intervals down to 160 cm (Végh & Szundy 2009 ). The vertical distribution of root length density was observed in 5 cm diameter 10 cm long soil cores taken from in-row and interrow sites down to 100 cm depth at anthesis. Root length in cores was determined by image analysis (Delta-T Ltd. Cambridge, UK). Specific root density (SRD) was calculated by dividing root dry mass by root length (mg m −1 ). Data were analyzed by ANOVA to evaluate differences between treatments. Soil water effects for genotypes in the different water treatments were analyzed by twoway ANOVA for all traits separately, with genotypes and drought treatments as the main factors. Linear correlation was used to represent the relationship between predicted and measured parameters.
The CoupModel was used for simulating the water flows in the maize stands with the experimental data for the given genotypes. Model outputs were fitted on the depth distribution of volumetric moisture content of the soil measured by the BR150 probes. The model parameter set finely tuned on the soil moisture and crop data was then used to simulate water dynamics for the genotypes. Simulations were considered acceptable when differences to measured values were less than 5%. The data and results of the field experiment applied in the simulation were: (1) meteorological data set, (2) physical properties of the layers defined in the soil profile, (3) maximum LAI values, (4) root growth and depth distribution in drying soil. The results of the pot experiment applied were: (1) vapor pressure deficit on the canopy level and set of stomatal conductance for hybrid Norma, (2) decrease of the value of critical pressure head controlling potential water uptake for Norma, (3) increase of the parameter value that controls the slope of potential water uptake as the function of the pressure head for hybrid Mv 444.
Results and discussion
During the three years of our field experiment (1998-1999-2000) , in-season precipitation, as related to the 50-year average (277 mm = 100%), was 145.9%, 144.9% and 51.3% for year1, year2 and year3 respectively. In year3 the growing season was dry except some light rain showers at anthesis.
In year1 and year2 the maximum leaf area (LA) per plant varied between 0.35 m 2 and 0.55 m 2 for the parent lines and 0.70 m 2 to 0.75 m 2 for the hybrids. In the dry year3, the maximum LA of all six genotypes did not exceed 0.5 m 2 per plant. In the pot experiment in controlled environment the transpiration rate (TR) ranged between 0.25 and 2.2 g water g −1 of plant fresh mass d −1 . The dynamics of both the AWS in root medium and the TR differed significantly for the parent lines compared to the hybrids (p < 0.05). Maternal lines (N-A and 444-A) had the highest TR and accumulated the least biomass (p < 0.05), while hybrids transpired at lower rates with a larger LA and less relative water deficit (RWD) (p < 0.01) among the genotypes. The greater RWD in the parent lines was caused by the less efficient root acquisition of water. Hybrid Norma had the greatest biomass accumulation and maintained a similar TR and RWD of Mv 444, but with lower AWS as shown in Table 1 . This reflects more efficient water use. TR. Values measured at lower TR were under a significant genotype effect (p < 0.05), ranging from -0.67 to -1.34 MPa. At higher TR substantially more negative potential values were detected. The most negative water potentials were observed for Mv 444 and its maternal line 444-A, the least negative potentials in Norma and N-B leaves (Table 1) . Norma tended to dry more slowly with its consistently lower TR and less negative water potential, than Mv 444. This feature of dehydration postponement as an adaptation of Norma to drought has also been observed in field (Végh & Szundy 2004) . At the end of the experiment, osmotic potential ranged from -1.38 to -1.51 MPa in the roots of Norma, while it reached -2.30 MPa in Mv 444 roots. The more negative water potential in leaves and osmotic potential in roots allows greater dehydration tolerance for Mv 444. Osmotic potential is important in regulating water status when TR is low and allows compensatory growth of roots under water stress (Bramley et al. 2007 ). In drought, root length density was considerably less than in the rainy years for all genotypes, though Norma maintained high root density related to the other genotypes in the plough layer utilizing available nutrient content when, in anthesis, the light showers of rain allowed root activity in the topsoil (Fig. 1) . Specific root density (SRD mg m −1 ) values characterizing root fineness were the 62%, 43% and 87% of the SRD detected in sufficient water supply for Norma, N-A and Mv 444, respectively, while the length of roots decreased markedly. These data show the highest sensitivity in root responses for N-A i.e. capability for low energy cost compensatory root growth with finer root system, but associated with a high drought sensitivity in the root environment. In this respect pronounced maternal effect on the root traits were detected on Norma. In soils with significant capillary rise the zone of AWS for plant is more extended than root zone, consequently the deep-rooting genotypes (N-A, Norma and Mv 444) could exploit the water from the soil horizons below 100 cm, in so far as root length density allowed. This feature was also applied in the simulation.
In the CoupModel there are options of function for simulating water uptake, growth, evapotranspiration (ET ), and other plant mediated processes (Jansson & Karlberg 2003) . Our research improved model performance by choosing a given function and/or parameter set specifically for the given genotypes. For example to set a greater TR, deeper root extension, higher acquisition efficiency, parameterization of compensatory uptake for the hybrid Mv444 helped to obtain good results. Similarly, for Norma, increasing the stomatal resistance associated with an increased critical value of the atmospheric evaporative demand for stomatal closure and consequently reduced TR, allowing slightly higher canopy temperature, led to good results. Water inputs and water losses are summarized for the hybrids during the growing seasons in Table 2 .
In year1 cumulated ET was balanced with the water input. In year2 water transpired exceeded water input and reduced soil water storage. In year3 AHP averaged for the season was low (<0.5) suggesting prolonged water deficiency. Subjected to the same water input and soil evaporation, with similar LAI, Norma transpired less water in the dry year than the other hybrid (Table 2) .
Substantial differences of surface infiltration, ET, and the dynamics and vertical distribution of root water uptake were predicted between the hybrids and inbred lines. Végh & Szundy (2004) found that water consumption was driven out from different soil layers by the genotypes. Also higher dry mass accumulation and earlier canopy development and closure resulted in more efficient water use by the hybrids. Since the biomass accumulation and maximum LA of the parent lines was considerably less, leaf area index was lower and the bare soil surface led to high evaporation. Additionally, K.R. Végh Table 2 . Predicted total seasonal water input and output, the ratio of actual to potential ET (agro-hydropotential index AHP) and maximum leaf area index (LAI) for the hybrids. microclimate must have been much dryer than inside the closed stand of the hybrids, which resulted in much lower soil water conductivity thus reduced infiltration (Homolák et al. 2009 ). Stomatal resistance may increase as a consequence of the dryer microclimate (Anda 2008) reducing TR. Accordingly the productive component of water loss, transpiration, related to soil evaporation decreased considerably for the parent lines. In year3 the crop was dependent mainly on stored water in the soil profile. Ong et al. (1996) suggested that the main limitation on the rate of water supply to a plant growing on stored water in the soil profile is the rate at which roots proliferate in soil. Nevertheless, a possible consequence may be that if a rapidly growing root system exploits deeper horizons to supply the full ET demand early in the season, the crop may remain without water later (Passioura 1988) . Slower depletion of soil water prior to anthesis may benefit the crop while growing on stored water. Subjected to the same water input and soil evaporation Norma transpired less water in the dry year than the other hybrid (Table 2 ). This growth strategy performed by Norma was a smaller uptake rate/hydraulic conductivity of roots and leaves with lower TR. Although slightly lower grain yields were obtained in good years than for Mv 444 (Végh & Szundy 2004) this strategy may allow crop to survive and grow in longer drought periods.
There has been a vast amount of research on physiological water use efficiency in connection with transpiration efficiency, leaf water relations, efficient harvest index etc. but limited research deals with water acquisition efficiency i.e. root physiology and regulation despite the substantial development of the discovery of root aquaporins (Bramley et al. 2007 ) and also hydraulic lift (Liste & White 2008) . The exciting questions connected to the efficiency of water acquisition of plants raise the issue of its physiological basis in roots, as well as in the root-shoot connections, which is far from clear.
Conclusions
Interactions of soil water supply and plant activity led to significantly different rooting pattern along the soil profile for the six genotypes. The genotypes differed in compensatory root growth and deep root extension that were observed in limited water conditions. One of the hybrids (Mv 444) depleted soil water steadily and much strongly while another hybrid (Norma) consumed less water from the soil. The parent lines with slower growth rate and higher soil evaporation loss from the bare soil surface utilized soil water with lower efficiency related to the hybrids.
The evaluation of the principal mechanisms of tolerance of the two hybrids to drought stress suggests a strategy of postponement the dehydration by Norma whilst the toleration of a certain gradient of dehydration by Mv 444.
Simulation modeling was an effective tool in controlling hypothesis and summarizing the results of the measurements in a formalized structure; it helped to quantify the dynamics of water availability and the impact of drought on the growth of the maize genotypes.
For a more comprehensive characterizing of the acquisition strategy of the hybrids with high water use efficiency and good performance additional studies have to be done primarily on root physiological functions and fine morphology in the future. The regulation of water uptake has not been clear so far; and, both the possibility of a switched on high active uptake and an off chance functioning hydraulic lift have to be investigated.
